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SYNOPSIS High-speed motion picture camera experiments on dynamically loaded journal bearings re- 
vealed the development of vapor cavitation. The parameters studied were the length-to-dlameter 
(I/O) ratio of the bearing, the surface velocities of the journal and bearing, the surface material 
of the roller, and the static and dynamic eccentricities of the bearing. One hundred and thirty- 
four cases were filmed. The occurrence of vapor cavitation Is clearly evident In the films. Vapor 
cavitation occurred when the tensile stress applied to the oil exceeded the tensile strength of 
the oil or the binding of the oil to the surface. The physical situation necessary for vapor 
cavitation to exist was a squeezing and sliding motion within a bearing. 

Besides accurately capturing the cavitation event on film, we analyzed the formation and col- 
lapse of the cavitation bubbles. The analysis of the formation of vapor cavitation considered the 
squeezing and sliding term of the Reynolds equation while neglecting the Polseullle terms. A 
simple criterion for the speeds and eccentricity of the Journal and bearing that defines whether 
vapor cavitation will occur Is given by eg > ^ 1 ( 2 «m). The physical Implication of the 
results as they apply to squeeze film dampers Is that. If the sliding velocity of the journal is 
Increased, the occurrence of vapor cavitation Is decreased. When considering the collapse of the 
vapor cavitation bubbles, the Polseullle terms become significant. However, from the experiments 
the form of the vapor cavitation zone Indicates that a short bearing approximation theory could be 
applied at small L/D. 




1 INTRODUCTION 

Cavitation is the disruption of a continuous 
liquid phase by the emergence of gas or vapor. 
Vapor cavitation Is defined as cavitation where 
the cavitation bubbles contain mainly vapor, 
and gas cavitation Is defined as cavitation 
where the cavitation bubbles contain mainly 
noncondensing gas. Understanding the cavitation 
phenomenon in bearings has been a challenge to 
trlbologlsts ever since Osborne Reynolds first 
introduced the subject In his classic 1886 
paper. The work In the early 1930's by Swift 
and Stieber went far In the development of our 
present understanding of cavitation. Swift 
(1932) working from stability considerations 
and Stieber (1933) from flow continuity studies 
arrived at the same Inlet boundary condition: 


Cavity pressure often differs little from atmos- 
pheric pressure and Is usually taken as such 
for the boundary condition. Dowson and Taylor 
(1975) give an excellent review of the develop- 
ments In the field of cavitation, beginning 
with the Swlft-Stleber boundary condition and 
continuing to recent times. 

The most common cavitation boundary condi- 
tion for steadily loaded bearings Is the zero- 
pressure-gradient condition of Swift and 
Stieber. This condition results from the 
assumption of continuity of mass flow at the 
boundary between the cavitation zone and the 
liquid-filled regions under steady-state condi- 
tions. In many bearings, however, dynamic loads 
cause changes In the local film thickness, and 
the problem of determining the appropriate 


boundary condition requires a condition other 
than zero pressure gradient at the boundary. 

The studies of Olsson (1965 and 1974) suggest 
that the usual steady-state condition, 
p - dp/dx • 0, is adequate for dynamic situa- 
tions If the cavitation boundary moves at a 
speed that Is less than half the Journal sur- 
face speed. However, If the cavitation bound- 
ary moves at a speed that Is greater than half 
the Journal surface speed, a more realistic 
formulation of the boundary condition should 
be developed. Development of an appropriate 
cavitation condition for a dynamically loaded 
journal bearing Is one of the objectives of 
this paper. 

In the authors' earlier work (Jacobson and 
Hamrock, 1982) a high-speed motion picture 
camera was used to Investigate cavitation In 
dynamically loaded journal bearings. The 
length-to-dlameter ratio of the bearing, the 
speeds of the journal and bearing, the surface 
material of th» roller, and the static and 
dynamic eccent. (cities of the bearing were 
varied. The results revealed the appearance of 
previously unsuspected vapor cavitation. Vapor 
cavitation occurred when the tensile stress ap- 
plied to the oil exceeded the tensile strength 
of the oil or the binding of the oil to the 
surface. The physical situation necessary for 
vapor cavitation Is a squeezing and sliding 
motion within a bearing. This Implies that the 
minimum film thickness Is constantly changing 
In size and location as a result of the motion 
tangential and normal to the surfaces. 

Having found vapor cavitation In our Ini- 
tial experiments (Jacobson and Hamrock, 1982) 
we designed, manufactured, and assembled a 
totally new cavitation rig. The new test rig 
was developed to more precisely measure the 
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squeezing and sliding notions with stiffen 
construction and aora accurataly nanufactured 
parts. As with the previous work, a high-speed 
notion picture canera was used to capture the 
cavitation formation and collapse in dynaal- 
cally loaded journal bearings. Besides accu- 
rately capturing the cavitation event on file, 
we analyzed the formation and collapse of the 
cavitation bubbles. That analysis and a de- 
scription of the characteristics of the bubble 
content are presented In this paper. From 
these results a criterion for the occurrence of 
vapor cavitation Is developed for dynamically 
loaded journal bearings. 


2 NOTATION 

c radial clearance, m 

0 diameter of bearing, m 

d dynamic eccentricity, m 

e static electricity, m 

h oil film thickness, m 

I’min Instantaneous minimum oil film thick- 
ness, n 

1 length of roller, m 

p pressure, N/m 2 

p c cavitation pressure, N/m 2 

P 0 atmospheric pressure, N/m 2 

flow per unit width Into vapor cavita- 
tion zone, m 2 /* 
r radius of roller, m 

s static eccentricity, m 

t time, s 

U 4 sliding velocity of journal relative to 
minimum film thickness, m/s 
Ub sliding velocity of bearing relative to 

minimum film thickness, m/s 
v c cavitation boundary velocity, m/s 

w squeeze velocity, m/s 

x coordinate In direction of sliding, m 

y coordinate In surface plane perpendicu- 

lar to x-axIs, m 

y angle giving location of minimum film 

thickness, rad 

1 rotational speed of minimum film thick- 

ness, rad/s 

y c cavitation boundary coordinate, m 

y m roller edge coordinate, m 

t{ static eccentricity ratio 

t d dynamic eccentricity ratio 

n viscosity, N s/m 2 

u Instantaneous eccentricity, m 

x defined by equation (2), m/s 

v coordinate angle from minimum-film- 

thickness location, rad 
u d rotational speed of eccentricity 

mechanism, rad/s 

« s rotational speed of roller, rad/s 


3 APPARATUS AND TEST PROCEDURE 

The experimental setup with the high-speed 
camera, motors, and test rig Is shown In fig- 
ure 1. The high-speed motion picture camera 
that was used could take up to 11 000 frames 
per second with ordinary l$-mn motion picture 
film. In the experiments presented In this 
report the framing rates were 1000 and 2000 
frames per second. 

The test bearing was lubricated by gravity 
feed from a can placed approximately 600 mm 


above the bearing. The test lubricant was a 
nondegassed Oextron-II type of automatic trans- 
mission fluid with a viscosity of 0.066 N s/m 2 
at atmospheric conditions. The lubricant passed 
from the can through a line and entered the 
bearing at the top left of the polymethyl- 
methacrylate (PMHA) bearing shown In figure 1. 

At the right of figure 1 Is the motor that 
gives the sliding velocity to the roller, and 
at the left Is the motor that gives the squeeze 
velocity to the bearing. The speeds of these 
Identical 0.5-kH motors can vary continuously 
from 0 to 250 rad/s. 

Figure 2 shows the PMMA bearing, which can 
vibrate In a circular motion keeping the axis 
c; vibration parallel to the axis of rotation. 
The special mechanism manufactured to keep the 
centerline of the bearing parallel to the 
centerline of the journal when the bearing is 
vibrating Is shown In figure 2. It consists of 
three plates each coupled together with four 
thin plates made from spring steel. The spring 
steel plates could easily be bent In the direc- 
tion perpendicular to the plates but were very 
stiff In the horizontal planes of the plates. 
Because of the symmetry of the mechanism the 
thick plates were always parallel to each other 
when the thin plates were bent as long as they 
did not buckle. 

The dynamic eccentricity mechanism shown 
assembled in figure 2 Is shown Isolated In fig- 
ure 3. The amplitude of the vibration of the 
squeeze motion Is given by the dynamic eccen- 
tricity ratio determined from the setting of 
the parts shown in figure 3. By rotating one 
part relative to the other the dynamic eccen- 
tricity can be varied between 0 and 0.5 mm. 

Since the radial clearance Is 0.5 mm, the 
ratio eg of the dynamic eccentricity to the 
radial clearance can be varied between 0 and 1. 
By setting the dynamic eccentricity equal to 
zero and moving the journal relative to the 
centerline of the bearing, the static eccen- 
tricity can be varied between 0 and 0.5 mm, 
meaning that the static eccentricity ratio 
tc can be varied between 0 and 1. Therefore 
the offset of the center of vibration from the 
center of the journal gives a static load, and 
the amplitude of the vibration gives a variable 
rotating dynamic load superimposed on the 
static load. Both the location of the center 
Of vibration and the aaiplltude of vibration can 
vary. 

Figure 4 shows four positions of the jour- 
nal relative to the bearing for a dynamically 
loaded journal bearing. The static eccentric- 
ity ratio c s Is set at 0.4, and the dynamic 
eccentricity ratio c d Is set at 0.6. The 
direction of the dynamic eccentricity rotates 
90* counterclockwise going from (a) to (b), 

(b) to (c), and (c) to (d). In figure 4 the 
squeeze component of motion Is clearly visible. 

The following ranges of conditions were 
considered: 

(1) Bearing L/D ratios of 1, 1/2, and 1/4 

(2) Eccentricity ratios: 

(a) c d . 0.414 and c s ■ 0.586 

(b) < d . 0.660 and *. . 0.340 

(3) Roller surface materials of steel and 
polytetrafluoroethylene ( PTFE ) 

(4) Six motor speeds, ranging from 19.5 to 
104 rad/s 

One hundred and thirty-four cases were filmed. 
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4 EXPERIMENTAL RESULTS 

Flgura 5 prasants several frames fro* the high- 
speed films showing the formation and collapse 
of vapor cavitation In a Journal bearing. The 
actual flln provides a batter Illustration; 
however, the figures highlight the flln. The 
fixed conditions for figure 5 are L/D ■ 1/4, 
ti - 0.340, eg - 0.660, w t ■ 19.5 rad/s, 

«m ■ 92.7 rad/s, and PfFE journal surface. 

The framing rate of the camera was 2000 
frames/ s. The time from the first frame to the 
last In figure 5 was less than 20 ns. Indi- 
cating how rapidly the vapor cavitation forms 
and collapses. 

The sample frames of the 134 cases filmed 
(fig. 5) Illustrate that In dynamically loaded 
journal bearings cavitation bubbles containing 
mainly oil vapor are present. To the authors 7 
knowledge, other than our Initial report 
(Jacobson and Hanrock, 1982), this was never 
shown before. Vapor cavitation Is quite dif- 
ferent from gas cavitation. The gas cavita- 
tion bubbles can be transported through the 
high-pressure region of the bearing as demon- 
strated In Jacobson and Hamrock (1982). On the 
other hand, vapor cavitation bubbles dissolve 
and disappear In less than a hundredth of a 
cycle of vibration (less than a millisecond). 
Without a high-speed camera one would not be 
able to observe vapor cavitation. Furthermore, 
this type of cavitation can cause erosive wear 
of adjacent surfaces, so its presence In 
dynamically loaded journal bearings Is an 
Important observation. 

A photograph was taken of the frame that 
produced the maximum vapor cavitation for each 
of the 134 cases filmed. Some of the Interest- 
ing observations from these photographs are 
shown In figures 6 to 9 and are discussed below. 
Remember that each of these figures was obtained 
from the frame of the film that produced the 
largest vapor cavitation zone for the particu- 
lar case being studied. 

4.1 Effect of roller material 

Figure 6(a) presents dynamic cavitation bubble 
development for a PTFE roller, and 6(b) for a 
steel roller, when all the other parameters 
were kept constant. The vapor cavitation zone 
was wider for the PTFE Journal than for the 
steel roller. This can be the result of the 
steel roller's higher surface energy. The 
Inner structures of the vapor cavitation zone 
were quite different for the two rollers, 
especially In the downstream part. This Is no 
doubt due to the rollers different surface 
energies; that Is, PTFE was not wetted by the 
oil, but the steel was. 

The film Indicates that two mechanisms 
start vapor cavitation. One of the mechanisms 
occurs when the binding between the oil and the 
journal surface Is weaker than the oil. Here 
vapor cavitation starts In the same position 
for each cycle of the squeeze motion. The 
other occurs when the oil Is weaker than the 
binding between the oil and the journal sur- 
face. In this case, the small Impurities 
within the oil (such as dirt or gas bubbles) 
determine where cavitation starts. 

4.2 Influence of length-to-dlameter ratio 

Figure 7 shows the effect on the vapor cavi- 
tation zone of L/D of 1, 1/2, and 1/4 when the 
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other parameters were kept constant. The total 
area of the vapor cavitation zone seems to be 
Independent of L/D. However, the width of the 
cavitation zone relative to the width of the 
oumal decreased as L/D Increased, going from 
5 percent for L/D « 1/4 to 50 percent for 
L/D ■ 1. For L/0 ■ 1 elastic distortion of the 
bearing could alter the geometry of the bearing 
as the force 1$ proportional to (L/D) z . 

4.3 Effect of eccentricity ratios 

Figure 8 shows the Influence of two combinations 
of dynamic and static eccentricity ratios (eg 
and c s ) on vapor cavitation. In figure 8(a) 
eg - 0.414 and c s - 0.586, and In figure 8(b) 
eg ■ 0.660 and c s - 0.340 while the other 
parameters were kept constant. The vapor cavita- 
tion zone Increased roughly proportional to eg. 

4.4 Influence of speed 

Figure 9 shows the Influence of two rotational 
speeds of the eccentric, giving two different 
squeeze velocities, on the size of the vapor 
cavitation zone. In figure 9(a) «g - 27.8 rad/s, 
and In figure 9(b) »g - 92.7 rad/s. For the 
higher squeeze velocity the bubble size In- 
creased significantly. Below a certain squeeze 
velocity no vapor cavitation was found. Fur- 
thermore, It was generally concluded that If 
the sliding velocity was Increased, the squeeze 
velocity had to be increased proportionately In 
order to maintain the same amount of vapor 
cavitation. The results are explained In the 
theory, equations (2) to (16). The physical 
Implication of the results as they apply to 
squeeze film dampers Is that. If the sliding 
velocity is Increased, the occurrence of vapor 
cavitation Is decreased. 


5 THEORY 

The appropriate Reynolds equation when con- 
sidering sliding and squeezing motion as ex- 
perienced In the test apparatus can be written 
as 

i£Vi-(h 3 i£^ 

ix V »*/ iy \ »y/ 


- 6n(U, ♦ U b ) {J - i2n - 0 (1) 

where 

U a sliding velocity of journal relative to 
minimum film thickness, m/s 
Up surface velocity of bearing relative to 
minimum film thickness, m/s 

In equation (1) It Is assumed that the 
fluid Is Incompressible and Isovlscous. 

The first two terms In equation (l) are the 
Polseul lie terms and describe the net flow 
rates due to the pressure gradients within the 
lubricated area. The second of these terms Is 
referred to as the side leakage term since It 
describes the net flow due to the pressure 
gradient along the axis of the bearing, trans- 
verse to the direction of sliding. The third 
term describes the net entraining fir/ rate due 
to the sliding velocities of the surfaces and 
Is referred to as the sliding term . The fourth 
term describes the net flow rate d,e to the 


I 
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squeeze motion and Is referred to as the 
squeeze term . 

5.1 Cavitation formation 


The two most significant terms of the Reynolds 
equation when considering the formation of 
vapor cavitation are the sliding and squeeze 
terms. Therefore we can define a parameter x 
that essentially describes the sliding and 
squeezing motion as 


x 


(U. * u b ) 

T — 


lh 

lx 



(2) 


The angle y shown In figure 4(b) 1$ shown In 
more detail In figure 12. from this figure y 
can be written as 


y » tan 


-1 


«d $,n ( “d tJ 1 

fi d cos-U d T)j 


(3) 


where *4 - d/c and c s • s/c. The angular 
velocity of the minimum film thickness can be 
written as 


Y 


«d [c s cos ( "d t} * *d ] "d 
*s + *d + 2 Vd cos ( “d t) 


(«) 


figure 11(a) shows the geometry of the 
journal and the bearing as It appears In the 
test rig. The minimum film thickness rotates 
around the bearlna and Its location Is denoted 
by y. figure 11(b) shows the geometry when 
the rotational speed -f Is superimposed on 
the sliding velocities of the journal and the 
bearing. The minimum film thickness remains In 
the same location In this coordinate system, 
from this figure the sliding velocities of the 
journal and bearing can be written as 


In figures 4(b) and 10, v Is the instantaneous 
distance between the center of the journal and 
the center of the bearing. The Instantaneous 
minimum film thickness occurs where the coordi- 
nate angle v - 0 or 

h mln “ c “ M 

Knowing the film thickness, we can write the 
squeeze velocity as 

2 

d«.c H «*, sin tat) cos * 

u UU-, — i : — (id 

sin y [c‘ ♦ c‘ ♦ 2c s « d cos („ d t)] 


also 


ah 1 sh 
ax “ r I* 


v sin i 


( 12 ) 


Substituting equations (5), (6), (11), and (12) 
Into equation (2) gives 


a - | (w s - 2 y) sin f * 


dt S l d“d 


sin y [*[ ♦ 


2 

sin ( H(] t) cos * 

c d * 2 Vd cos ( “d t)] 


(13) 


In the experiments It was observed that 
vapor cavitation only occurred when w ap- 
proached the radial clearance c. This Implies 
that the time t In equation (13) is close to 
zero and cos tat) ■ 1 and sin tat) « wjt. 

With these substitutions equation (13) reduces to 




♦ 


t s c d M d t cos » 
«s * *d 


« $ r - vr 


(5) 


(14) 


U b ■ — t ( r ♦ h) cos 

- w d d sin (w d t - y) sin « (6) 

where r Is the radius of the roller. The 
value of cos (u sin »/r) Is very close to 
unity, and h Is much less than r. In writing 
equation (6) It is also assumed that dw<j Is 
much smaller than r* s since typically dw^ Is 
at least one order of magnitude smaller than 
ru s . Therefore equation (6) reduces to 


U b « -yr (7) 

from figure 4(b) the equation for the In- 
stantaneous film thickness can be written as 


Note that the first expression In equation (14) 
Is not a function of t. Therefore for small 
values of t equation (14) reduces to 

x - c sin tj ^ s %- - d) - c d « d j (15) 

If, when t approaches zero, the minimum film 
thickness is small enough (hn{ n < 0.1 c), there 
will always be vapor cavitation If x > 0. 

Since the films Indicate that vapor cavitation 
occurred for negative f relative to the mini- 
mum film thickness, where motor speed Is In the 
positive « direction, the criterion for the 
formation of vapor cavitation Is 



(16) 


h • c • u cos f 


(6) where <s * «d * !■ 


where 


5.2 Cavitation collapse 


v 


d sin (w d t) 
sin y 


Once vapor cavitation has formed and some time 
has passed, the minimum film thickness 1n- 
(9) creases and the atmospheric pressure at the 

•dges of the bearing becomes Important for con- 
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sldaratlon of tht collapse of tha vapor cavita- 
tion bubblas. Recalled from aquation (1) that 
for Incraaslng f 11a thickness tha Polseullle 
tarns, which contain tha prastura gradient 
nul tipi led by tha flln thlcknass cubed, oust be 
considered. The high-speed flint showed that 
the shape of the vapor cavitation tone was 
longer In the rolling direction than In the 
transverse, especially for narrow bearings. 
Because of this a short bearing type of ap- 
proach could be used, and the appropriate 
Reynolds equation for considering the vapor 
cavitation collapse Is 

Sy ( h3 1y) " 6n ^ U a * V lx * iT < 17 > 

Figure 12 shows the geometry of the col- 
lapsing vapor cavitation zone. The pressure 
within the vapor cavitation zone Is p c and 
that at the ends of the journal Is atmospheric, 
Pn. Therefore Integrating equation (17) twice 
wnlle making use of figure 12 In defining the 
boundary conditions gives 

(y - y c )(y - y„) 

p - p 0 z 






(“a * «b> eh . »h h3 (Po - Pc> 


(23) 


6 SUMMARY OF RESULTS 

The occurrence of vapor cavitation Is cl arly 
evident In the films as well as In the figures, 
which were directly obtained from the films. 
Vapor cavitation occurred when the tensile 
stress applied to the oil exceeded the tensile 
strength of the oil or the binding of the oil 
to the surface. The physical situation 
necessary for vapor cavitation to exist was a 
squeezing and sliding motion within a bearing. 

A simple criterion for the speeds and eccen- 
tricity of the journal and bearing that defines 
Miether vapor cavitation will occur Is given 
by C4 > wj/(2*y). The physical implica- 
tion of the results as they apply to squeeze 
film dampers Is that. If the sliding velocity 
Is Increased, the occurrence of vapor cavita- 
tion Is decreased. Mien considering the col- 
lapse of the vapor cavitation bubbles, the 
Polseullle terms become significant. However, 
from the experiments the form of the vapor 
cavitation zone Indicates that a short bearing 
approximation theory could be applied for small 
length-to-dlameter ratios. 
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(18) 

The flow rate Into the vapor cavitation zone at 
y ■ y c can be written as 



The average velocity at this boundary If the 
film thickness In the bubble approaches zero Is 


«c 

r 


h 2 

T7n 


(is) 

Wy.y, 


( 20 ) 


Making use of equation (18) while obtaining the 
pressure gradient at the cavitation boundary 
and substituting It In equation (20) gives 




V 


lh 

lx 



( 21 ) 


The vapor cavitation zone Is collapsing whin 
v c > 0: 


<*■ - *c> 
— 7R 


HVV ah 

*[ Z ax 




or the maximum sum of the sliding and squeeze 
velocities for the collapse of tne vapor cavi- 
tation Is 
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Figure! - Eccentric mechanism. 




Figure 4. - Bearing geometries at four different times 
e s -0.4; Ejj • 0. 6 . 
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Figure 5. - Dynamic cavitation bubble development. (r s 0 . 34 , ^ = 0 . 66 , < > s - 19.5 rad s, and - >d = 92.7 
rad/s). 




(a) PTFE. 

(b) Steel. 

Figure 6. * Influence of roller material. 






Figure 7. - Influence of length to 
diameter ratio. 



Figure 8. • Influence of eccentricity 
ratios. 
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Figure 10. - Geometry of the eccentrics. 


ORIGINAL iW, 1 : 13 
OF POOR QUALITY 




(a) Geometry o I roller ami tube. 

lb) Geometry of roller and tube urban rotational speed - y Is superimposed 
on sliding velocities of roller and tube. 

Figure 11. * Geometry (or Reynolds equation. 




